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Background: The mechanisms of Treg cell defects in NSTACS patients remain unclear.
Results: The frequency of RTE-Treg and TREC content were markedly lower, and apoptosis of Treg cells in NSTACS patients
was markedly increased.
Conclusion: Impaired thymic output and enhanced apoptosis were responsible for Treg cell defects in NSTACS patients.
Significance:Our findings explain the mechanisms of Treg cell defects in NSTACS patients.

Regulatory T (Treg) cells play a protective role against the
development of atherosclerosis. Previous studies have revealed
Treg cell defects in patients with non-ST elevation acute coro-
nary syndrome (NSTACS), but the mechanisms underlying
these defects remain unclear. In this study, we found that the
numbers of peripheral blood CD4�CD25�CD127low Treg cells
and CD4�CD25�CD127lowCD45RA�CD45RO� naive Treg
cells were lower in the NSTACS patients than in the chronic
stable angina (CSA) and the chest pain syndrome (CPS) patients.
However, the number of CD4�CD25�CD127lowCD45RA�

CD45RO� memory Treg cells was comparable in all of the
groups. The frequency of CD4�CD25�CD127lowCD45RO�

CD45RA�CD31� recent thymic emigrant Treg cells and the T
cell receptor excision circle content of purified Treg cells were
lower in the NSTACS patients than in the CSA patients and the
CPS controls. The spontaneous apoptosis of Treg cells (defined
as CD4�CD25�CD127lowannexinV�7-AAD�) was increased in
the NSTACS patients compared with the CSA and CPS groups.
Furthermore, oxidized LDL could induce Treg cell apoptosis,
and the oxidized LDL levels were significantly higher in the
NSTACS patients than in the CSA and CPS groups. In accord-
ance with the altered Treg cell levels, the concentration of
TNF-� was increased in the NSTACS patients, resulting in a
decreased IL-10/TNF-� ratio. These findings indicate that the
impaired thymic output of Treg cells and their enhanced sus-

ceptibility to apoptosis in the periphery were responsible for
Treg cell defects observed in the NSTACS patients.

Atherosclerosis is amultifactorial disorder in which immune
mechanisms play a leading role. Several types of immune cells
dominate the initiation of atherosclerotic lesions, and their
effector chemokines and cytokines accelerate plaque develop-
ment.Moreover, the activation of inflammation leads to further
plaque destabilization and results in acute coronary syndrome
(ACS)3 (1–3).

RegulatoryT (Treg) cells are a novel subset ofT cells that play
an important role in the modulation of immune responses and
the control of deleterious immune activations because of their
immunoregulatory and immunosuppressive functions (4). Treg
cells that constitutively express CD4, CD25, and forkhead
winged helix transcription factor (Foxp3) have been demon-
strated to play a significant role in the development of athero-
sclerosis. Several animal experiments have indicated that Treg
cell levels were decreased in the atherosclerotic animal models
(5, 6) and that an increase in Treg cell numbers and function
was related to reduced atherosclerotic plaques (5–10). There-
fore, it is speculated that Treg cell defects could aggravate the
plaque development during human atherosclerosis (11). Sev-
eral clinical studies that investigated circulating Treg cells
(defined as CD4�CD25� T cells) in patients with coronary
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elevation acute myocardial infarction (STEAMI) (12–16). The
explanations for the inconsistency may be the difference in
experimental methods and the quality of Treg cell confirma-
tion. However, all published studies have reported reduced
Treg cell numbers in patients with non-ST elevation acute cor-
onary syndrome (NSTACS; including NSTEAMI and unstable
angina), revealing that the defects inTreg cells were responsible
for the immune activation observed in the NSTACS patients
(12, 13, 15, 16). The mechanisms responsible for the peripheral
Treg cell defects in the NSTACS patients remain mostly
unclear. Low numbers of Treg cells were reported in human
atherosclerotic plaques (17), suggesting thatmechanisms other
than Treg cell reallocation account for the peripheral Treg cell
defects in the NSTACS patients. Recent studies have also dem-
onstrated that the absence or low expression of CD127 can be
used as a new and reliable marker of human Treg cells and
correlates well with Foxp3 (18–20). In the current study, we
explored the mechanisms that may be responsible for the Treg
cell (CD4�CD25�CD127low T cell) defects in NSTACS
patients by studying Treg cell production and survival in these
patients.

EXPERIMENTAL PROCEDURES

Patients—This investigation was conducted according to the
standards of the Declaration of Helsinki. The study was
approved by the ethics committee of Tongji Medical College of
Huazhong University of Science and Technology, and all of the
patients and controls provided written informed consent. We
studied 182 patients aged from 50 to 70 years who underwent
diagnostic catheterization. The patients were divided into three
groups: 1) NSTACS group (including NSTEAMI and unstable
angina; 84 patients in total; 56 men and 28 women; mean age,
59 � 7.6 years; inclusion criteria, NSTEAMI confirmed by the
lack of ST segment elevation and a significant rise of creatine
kinase MB and troponin I levels, unstable angina confirmed by
chest pain at rest with definite ischemic proof including ST
segment changes and/or T-wave inversion, and angiographic
evidence of coronary artery stenosis (�70%)), 2) CSA group (38
patients in total; 27 men and 11 women; mean age, 62 � 6.8
years; inclusion criteria, effort angina (lasting �3 months and
without a previous history of unstable angina or myocardial
infarction) and angiographic evidence of coronary artery steno-
sis (�70%)), and 3) CPS group (60 patients in total; 36 men and
24 women; mean age, 60 � 8.8 years; inclusion criterion, chest
pain with no accompanying electrocardiographic changes, cor-
onary artery stenosis, or coronary spasm) (21).
None of the patients were currently treatedwith anti-inflam-

matory drugs such as non-steroidal anti-inflammatory drugs,
steroids, etc. None of the patients had a medical history of col-
lagen diseases, thromboembolism, disseminated intravascular
coagulation, other inflammatory disease (such as septicemia,
pneumonia, etc.), advanced liver disease, renal failure, malig-
nant disease, valvular heart disease, or atrial fibrillation or were
using a pacemaker.
Blood Samples—Peripheral blood was collected from all of

the patients in collection tubes containing 0.2 ml of sodium
heparin in a timelymanner on themorning following the day of
hospitalization. Therefore, the time span between hospitaliza-

tion and blood sampling was�24 h in all subjects, and all of the
patients were sampled before percutaneous revascularization.
The peripheral blood mononuclear cells (PBMCs) were pre-
pared by Ficoll density gradient (Sigma) for flow cytometry
analysis and magnetic cell sorting. The plasma was obtained
after centrifugation and stored at �80 °C for the measurement
of oxLDL and cytokines.
Total Treg, Naive Treg (nTreg), Memory Treg (mTreg), and

Recent Thymic Emigrant Treg (RTE-Treg) Cells in the
Circulation—To analyze the total Treg, nTreg, mTreg, and
RTE-Treg cells in the circulation, a six-color flow cytometry
analysis was performed. The PBMCs were stained with APC/
Cy7-anti-human CD4, phycoerythrin-anti-human CD25,
FITC-anti-human CD45RO, peridinin-chlorophyll protein
complex/Cy5.5-anti-human CD45RA, phycoerythrin/Cy7-
anti-human CD31 (Biolegend), and APC-anti-human CD127
(eBioscience) antibodies for 30 min at 4 °C. Isotype antibody
controls were used to ensure antibody specificity. The stained
cells were analyzed by flow cytometry with a FACSAria (BD
Biosciences).
Isolation of Treg Cells—The human CD4�CD25�CD127dim/�

Regulatory T Cell Isolation kit (Miltenyi Biotec, Germany) was
used to isolate Treg cells according to the manufacturer’s
instructions. Briefly, the entire PBMC population was magnet-
ically labeled with a mixture of biotin-conjugated antibodies
and anti-biotin microbeads, and then CD4� and CD127dim/�

cells were isolated by a negative selection. Then, the CD4� and
CD127dim/� cellswere labeledwith anti-CD25microbeads, and
the CD4�CD25�CD127dim/� regulatory T cells were isolated
by a positive selection. The purity of the CD4�CD25�

CD127dim/� cell population was �90% as assessed by FACS.
Quantification of T Cell Receptor Excision Circle (TREC)—

Genomic DNA was extracted from 2 � 105 purified Treg cells
with theWizard� Genomic DNA Purification kit (Promega). A
quantitative real time PCR was performed on an ABI Prism
7900 sequence detection system (Applied Biosystems) to detect
the number of TRECs. Each amplification was performed in
two independent reactions using Premix Ex TaqTM (Perfect
Real Time) (Takara, Japan) according to the manufacturer’s
instructions. In each experiment, serial dilutions of a cloned
TREC plasmid were used (105, 104, 103, and 102 copies) as a
standard for the absolute quantification of the TREC copies.
The data were extrapolated to TREC content per 106 cells. The
primers and probes were as follows: TREC: F, 5�-aacagc-
ctttgggacactatcg-3�; R, 5�-gctgaacttattgcaactcgtgag-3�; probe,
5�-6FAM-ccacatccctttcaaccatgctgacacctc-TAMRA-3�; RAG2:
F, 5�-gcaacatgggaaatggaactg-3�; R, 5�-ggtgtcaaattcatcatcaccatc-3�;
probe, 5�-6FAM-cccctggatcttctgttgatgtttgactgtttgtga-TAMRA-3�
where TAMRA is tetramethylrhodamine and 6FAM is
6-carboxyfluorescein.
Preparation of LDL and Copper-oxidized LDL—The blood

used for lipoprotein isolation was collected in tubes containing
EDTA (1 mg/ml) from normal subjects after 12 h of fasting.
After a density adjustment with KBr, the LDL (density �
1.019–1.063 g/liter) was isolated from the plasma by prepara-
tive ultracentrifugation at 5000 rpm for 22 h in a type 50 rotor.
LDL samples were dialyzed against PBS containing 0.3 mM

EDTA, passed by filtration through a filter (0.22-�mpore size),
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and stored under nitrogen gas at 4 °C in the dark. Copper oxi-
dation of LDL was performed by incubation of postdialyzed
LDL (1 mg of protein/ml in EDTA-free PBS) with copper sul-
fate (10 �M) for 24 h at 37 °C. Lipoprotein oxidation was con-
firmed by the analysis of thiobarbituric acid-reactive sub-
stances (22).
Apoptosis Assays—Freshly isolated total PBMCs from sub-

jects were first stained with antibodies for APC/Cy7-anti-hu-
man CD4, phycoerythrin-anti-human CD25 (Biolegend), and
APC-anti-humanCD127 (eBioscience) antibodies for 30min at
4 °C. Apoptosis was detected using FITC-annexinV and 7-ami-
noactinomycin D (7-AAD) co-staining (Bender MedSystems).
The apoptotic Treg cells (defined as annexin V�7-AAD�) were
detected using a FACSAria (BD Biosciences) 1 h after staining.
For the analysis of oxLDL-induced apoptosis, freshly drawn

cells were cultured in a 48-well plate with 2 �g/ml plate-bound
anti-CD3 (eBioscience) and different concentrations (0, 10, 50,
and 100 �g/ml) of native LDL or oxLDL for 48 h in complete
RPMI 1640 medium. After incubation, cells were harvested,
washed with PBS, and then stained with antibodies for APC/
Cy7-anti-human CD4, phycoerythrin-anti-human CD25 (Bio-
legend), and APC-anti-human CD127 (eBioscience) for 30 min
at 4 °C. Apoptosis was detected using FITC-annexin V and
7-AAD co-staining (Bender MedSystems). The apoptotic cell
populations (defined as CD4�CD25�CD127lowannexin V�7-
AAD�) were analyzed on a FACSAria (BD Biosciences).
Real Time PCR—Total RNA was extracted from purified

Treg cells using TRIzol extraction (Invitrogen) according to the
manufacturer’s instructions. The cDNA was synthesized using
the Revertra AceH kit (Toyobo, Japan). The expression of two
genes (Bcl-2 andBak) was quantified using SYBRGreenMaster
Mix (Takara, Japan) on an ABI Prism 7900 sequence detection
system (Applied Biosystems). For each sample, themRNA level
was normalized to that ofGAPDH. The primerswere as follows:
Bcl-2: F, 5�-tacctgaaccggcacctg-3�; R, 5�-gccgtacagttccacaaagg-
3�;Bak: F, 5�-cctgccctctgcttctgag-3�; R, 5�-ctgctgatggcggtaaaaa-
3�; GAPDH: F, 5�-ccacatcgctcagacaccat-3�; R, 5�-ggcaaca-
atatcactttaccagagt-3�.
ELISA Detection of Plasma oxLDL—The plasma oxLDL lev-

els were detected using a mAb 4E6-based enzyme-linked
immunosorbent assay (Mercodia, Sweden) according to the
manufacturer’s instructions. The LDL fraction was isolated
from the plasma before the ELISA procedure to diminish
potential interference from other plasma components such as
oxVLDL, anti-oxLDL antibodies, and anti-phospholipid anti-
bodies. The oxidized LDL levels were measured in an ELISA as
described previously (23). The minimal detectable concentra-
tion was �0.3 units/liter.
ELISA Detection of Tumor Necrosis Factor-� (TNF-�) and

IL-10—Human ELISA kits (Invitrogen) were used to detect the
plasma TNF-� and IL-10 concentrations. The minimal detect-
able concentrations were 0.5 and 0.78 pg/ml, respectively. The
intra-assay and interassay coefficients of variation for the
ELISA assays were �5 and �10%, respectively. All of the sam-
ples were measured in duplicate.
Statistical Analyses—The values are expressed as the

means � S.E. or percentages in the text and figures. The data
were analyzed by analysis of variance. If a significant difference

was found, the Newman-Keuls test was used for post hoc anal-
ysis to determine the difference among groups. For the ranked
data, Pearson’s �2 test or Fisher’s exact test was performed for
the comparison between groups. Spearman’s correlation anal-
ysis was used to detect any correlation between the variables.
To exclude the influence of potential confounders to Treg cell
and RTE-Treg cell frequencies, we adjusted for hypertension,
smoking, and medications using a multiple linear regression
model. In all cases, a probability value �0.05 was considered
significant.

RESULTS

Basic Clinical Characteristics of Patients—The basic clinical
characteristics of the enrolled patients are summarized inTable
1. There were no significant differences in age, gender, diabetes
mellitus status, hypercholesterolemic status, and the use of
aspirin and antidiabetic drugs among the patients with
NSTACS, CSA, and CPS. There were significant differences in
hypertension; smoking status; and the use of clopidogrel,
�-blockers, statins, angiotensin-converting enzyme inhibitor
(ACEI) or angiotensin receptor blockers (ARBs), or nitrates
among the NSTACS, CSA, and CPS groups.
The Frequencies of Circulating Total Treg Cells, nTreg Cells,

and RTE-Treg Cells Are Significantly Lower in the Patients with
NSTACS—We used a six-color flow cytometry analysis of
PBMCs that were freshly obtained from 84 NSTACS patients,
38 CSA patients, and 60 CPS controls to determine the total
number of Treg cells and the number of Treg cells in each
subset. Within the naive CD4�CD45RA�CD45RO� (Fig. 1A,
panel a2) or memory CD4�CD45RA�CD45RO� (Fig. 1A,
panel a2) T cells gated on CD4� T cells (Fig. 1A, panel a1), we
could detect a small subpopulation of Treg cells (defined as
CD25�CD127low) (Fig. 1A, panels a3 and a4). The percentage
of total Treg cells in the CD4� T cell population was signifi-
cantly lower in theNSTACS patients (3.98� 0.12%) than in the
CSA patients (5.05 � 0.23%) and the CPS controls (5.46 �
0.21%) (p � 0.01), whereas there was no significant difference

TABLE 1
Clinical characteristics of study population
All values are expressed as the mean � S.D. or the number or percentage (in paren-
theses) of enrolled subjects.

Characteristics
NSTACS
(n � 84)

CSA
(n � 38)

CPS
(n � 60) p

Age (years) 59 � 7.6 62 � 6.8 60 � 8.8 0.643
Male/female 56/28 27/11 36/24 0.504
Risk factors (no. (%))
Hypertension 53 (62) 12 (32) 12 (20) �0.001
Diabetes mellitus 21 (25) 9 (24) 10 (17) 0.473
Hypercholesterolemia 42 (50) 19 (50) 27 (45) 0.818
Current smoker 47 (56) 23 (61) 18 (30) 0.002

Medications (no. (%))
Aspirin 80 (95) 34 (89) 50 (83) 0.061
Clopidogrel 76 (90) 20 (53) 8 (13) �0.001
�-Blockers 32 (38) 26 (68) 6 (10) �0.001
Statins 67 (80) 29 (76) 12 (20) �0.001
ACEI or ARBs 28 (33) 12 (32) 4 (7) 0.001
Nitrates 60 (71) 8 (22) 8 (13) �0.001
Antidiabetic drugs
Insulin 14 (17) 5 (13) 6 (10) 0.515
Metformin 10 (12) 4 (11) 3 (5) 0.359
Repaglinide 5 (6) 3 (8) 2 (3) 0.608
Acarbose 7 (8) 2 (5) 3 (5) 0.681
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between the CSA and CPS groups (p � 0.05) (Fig. 1B). The
proportions of mTreg cells (characterized as CD4�CD25�

CD127lowCD45RA�CD45RO�) (Fig. 1A, panel a3) in the
CD4� T cell population were comparable among the NSTACS
(3.22 � 0.11%), CSA (3.41 � 0.16%), and CPS groups (3.56 �
0.19%) (p � 0.05) (Fig. 1B). The proportion of nTreg cells
(defined as CD4�CD25�CD127lowCD45RA�CD45RO�) (Fig.
1A, panel a4) in the CD4� T cell population was significantly
lower in the NSTACS patients (0.68 � 0.04%) than in the CSA
patients (1.65 � 0.12%) and the CPS controls (1.82 � 0.09%)
(p� 0.01), whereas there was no significant difference between
the CSA and CPS groups (p � 0.05) (Fig. 1B). Furthermore, we
found that the proportion of RTE-Treg cells (identified as
CD31-coexpressing nTreg cells) (Fig. 1A, panel a5) in the total
Treg cell population was significantly lower in the NSTACS
patients (4.54� 0.11%) than in the CSA patients (7.23� 0.24%)
and the CPS controls (7.68 � 0.25%) (p � 0.01), revealing that
the thymic production of Treg cells was impaired in the
NSTACS patients (Fig. 1B).
As we have shown in Table 1, the patients in the three exper-

imental groups were different in their use of clopidogrel,
�-blockers, statins, ACEI or ARBs, or nitrates; incidence of
hypertension; and smoking. To exclude the possibility that the
difference in Treg cell numbers among the three groups was
due to the drug treatments, hypertension, or smoking, we com-
pared the Treg cell numbers with or without these drugs or risk
factors. The Treg cell numbers were comparable between
patients with and without ongoing treatment with clopidogrel,
�-blockers, statins, angiotensin-converting enzyme inhibitors/
angiotensin receptor blockers, or nitrates (Fig. 2A). The circu-
lating Treg cell levels were also not correlated with hyperten-
sion and current smoking status (Fig. 2B). We also performed a
multiple linear regression analysis to further examine the influ-
ence of the above candidate factors on Treg cell and RTE-Treg
cell frequencies. The results indicated that the use of medica-

tions, hypertension, or current smoking status did not influence
Treg cell and RTE-Treg cell frequencies (Table 2).
Intracellular TREC Levels Are Decreased in the Treg Cells

from Patients with NSTACS—TRECs are generated as a by-
product of the T cell receptor rearrangement process in the
thymus and are enriched in newly generated T cells (24). We
quantified the intracellular TREC levels in the Treg cells from
24 NSTACS patients, 20 CSA patients, and 20 age-matched
CPS subjects using quantitative real time PCR. Flow cytometry
was performed to detect the purity of the Treg cells after cell
sorting (Fig. 3A). The TREC levels were significantly lower in
the NSTACS patients (0.73 � 0.09 � 103/106 cells) than in the
CSApatients (1.35� 0.10� 103/106 cells) and theCPS controls
(1.48 � 0.12 � 103/106 cells) (p � 0.01), but the CSA and CPS
groups were not significantly different (p � 0.05) (Fig. 3B).
Spearman’s correlation test revealed a positive association
between the TREC content in Treg cells and the RTE-Treg cell
proportions in the NSTACS patients, CSA patients, and CPS
subjects (r � 0.84, p � 0.001) (Fig. 3C).
Spontaneous and oxLDL-induced Apoptosis of Treg Cells Is

Higher in NSTACS Patients—The number of apoptotic Treg
cells (defined as annexin V�7-AAD�) (Fig. 4A) was markedly
higher in patients with NSTACS (14.22 � 0.83%) than those
with CSA (9.76 � 0.53%) and CPS (8.75 � 0.56%) (p � 0.01),
and there was no significant difference between the CSA and
CPS groups (p � 0.05) (Fig. 4B). We also detected the expres-
sion of apoptosis-associated genes (antiapoptotic gene Bcl-2
and proapoptotic gene Bak) in the purified CD4�CD25�

CD127dim/� Treg cells. The patients with NSTACS exhibited
significantly higher Bak expression (p � 0.01) (Fig. 4C) and
significantly lower Bcl-2 expression (p � 0.01) (Fig. 4D) than
the patients with CSA or CPS.
Previous findings have revealed that oxLDL could induce the

apoptosis of endothelial cells, macrophages, lymphocytes, and
CD4� T cells (25–28). Based on these findings, we hypothe-

FIGURE 1. Frequencies of the Treg subsets in the NSTACS patients, CSA patients, and CPS controls. PBMCs were isolated from 84 NSTACS patients, 38 CSA
patients, and 60 CPS controls; stained with mAbs for CD4, CD25, CD127, CD45RA, CD45RO, and CD31; and analyzed by flow cytometry. A, a representative plot
illustrating the PBMCs obtained from one CPS control is shown. Panel a1, the dot plots show CD4 expression (R1). Panel a2, the dot plots show CD45RA (R3) and
CD45RO (R2) expression gated on CD4� T cells (R1). Panel a3, the dot plots show mTreg cells (R4) gated on memory CD4� T cells (R1 and R2). Panel a4, the dot
plots show nTreg cells (R5) gated on naive CD4� T cells (R1 and R3). Panel a5, the dot plots show RTE-Treg cells (R6) gated on nTreg cells (R1, R3, and R5). B, the
frequencies of total Treg, mTreg, and nTreg cells in the different patient groups were determined as a percentage of total CD4� T cells, and the RTE-Treg cell
frequencies in the different patient populations were determined as a percentage of the total Treg cell population. *, p � 0.01 versus CSA patients or CPS
controls. Error bars represent S.E.
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sized that oxLDL could induce Treg cell apoptosis in the
peripheral blood. To test this hypothesis, we incubated theTreg
cells with various concentrations of native LDL or oxLDL for
48 h.We found that incubationwith oxLDL led to the apoptosis
of Treg cells (defined as annexin V�7-AAD�) (Fig. 5A) in a
dose-dependent manner (Fig. 5C). In contrast, native LDL had
a minor effect on Treg cell apoptosis (Fig. 5, B and C). Further-
more, we found significantly higher plasma levels of oxLDL in
the NSTACS patients (68.3 � 2.19 units/liter) than in the CSA
patients (38.4 � 1.14 units/liter) and the CPS subjects (36.7 �
1.27 units/liter) (p � 0.01) (Fig. 5D), suggesting that oxLDL
plays a role in Treg cell depletion in patients with NSTACS.
NSTACS Patients Exhibited Increased TNF-� Levels and

Decreased IL-10/TNF-� Ratio—TNF-� is an important proin-
flammatory cytokine that has been shown to play a role in the
development of atherosclerosis (29). In the current study, we
found that the plasma levels of TNF-� were markedly higher in
the patients with NSTACS (8.6 � 0.57 pg/ml) than in the
patients with CSA (4.7 � 0.39 pg/ml) and the CPS controls
(4.4 � 0.43 pg/ml) (p � 0.01), whereas there was no significant
difference between the CSA and CPS groups (p � 0.05) (Fig.
6A). IL-10 has been defined as the main effector cytokine of
Treg cells (30). Disappointingly, we failed to find a significant
difference in plasma IL-10 levels among the three groups
(NSTACS, 3.4� 0.33 pg/ml; CSA, 3.7� 0.36 pg/ml; CPS, 3.8�
0.40 pg/ml) (p � 0.05) (Fig. 6B). However, the IL-10/TNF-�
ratio was lower in the NSTACS patients (38 � 1.82%) than the

CSA patients (80 � 4.00%) and the CPS subjects (86 � 4.73%)
(p � 0.01), suggesting an uncontrolled immune response in
NSTACS. There was no significant difference in the IL-10/
TNF-� ratios of the CSA and CPS groups (p � 0.05) (Fig. 6C).

DISCUSSION

Atherosclerosis has been well documented as a chronic
inflammatory disorder of blood vessels inwhich both the innate
and acquired immune responses can account for disease initi-
ation and development (1–3). Treg cells are a unique T cell
subtype that plays an important role in the control of inflam-
mation and the maintenance of immune tolerance (4). The
number of Treg cells in the peripheral blood is lower in patients
with systemic lupus erythematosus, type 1 diabetes, rheuma-
toid arthritis, multiple sclerosis, and chronic heart failure (31–
35). In animal experiments, an increase in Treg cell numbers
and suppressive function alleviated the progression and sever-
ity of the above mentioned disorders (36–40). NSTACS
patients were previously demonstrated to haveTreg cell defects
(12, 13, 15, 16), and animal studies have proven that Treg cells
protect against atherosclerosis by inhibiting the immune
response (5–10). Thus, understanding the mechanisms under-
lying the Treg cell defects observed in the NSTACS patients is
very important, especially in relation to therapy through Treg
cell manipulation. In the present study, we demonstrated that
the number of Treg cells (defined as CD4�CD25�CD127low T
cells) was significantly lower in the NSTACS patients than in
CSA or CPS patients. The impaired Treg cell production by the
thymus and the increased apoptosis may contribute to the Treg
cell defects and the abnormal immune activation observed in
patients with NSTACS.
Treg cells mature in the thymus with most cells rapidly

obtaining the memory CD45RO phenotype after coming into
contact with antigens in the blood (41). However, a small num-
ber of Treg cells with a naive CD45RA�CD45RO� phenotype
(nTreg) are detectable in the circulation (42, 43). This nTreg
cell population decreases with age as a result of a decline in the
thymus output (42). By contrast, the majority of mTreg cells
(with theCD45RA�CD45RO� phenotype) are relatively stable,
and the number ofmTreg cells can increasewith age to keep the

FIGURE 2. Frequencies of Treg cells with or without drug treatment and risk factors in the enrolled subjects. A, no significant differences were observed
in the number of Treg cells in the subjects with or without clopidogrel, �-blockers, statins, ACEI/ARBs, or nitrates. B, no differences in the frequencies of Treg
cells were found in patients with or without hypertension and smoking. Error bars represent S.E.

TABLE 2
Variables associated with Treg cells and RTE-Treg cells in all sub-
jects (n � 182)
Multiple adjustments were performed with linear regression models. �, standard-
ized coefficients.

Variables
Treg cells RTE-Treg cells

� p � p

Hypertension 0.144 0.097 �0.217 0.065
Current smoker 0.086 0.319 0.105 0.254
Aspirin 0.132 0.127 �0.110 0.157
Clopidogrel 0.148 0.087 0.130 0.141
�-Blockers 0.168 0.101 0.181 0.090
Statins �0.110 0.270 �1.143 0.169
ACEI or ARBs �0.085 0.579 �0.086 0.591
Nitrates 0.140 0.243 0.074 0.554
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total Treg cell population stable (44, 45). However, measuring
the number of nTreg cells does not accurately indicate thymic
Treg cell production because nTreg cells can proliferate after
leaving the thymus and retain their naive phenotype (46). The

surface expression of CD31 (PECAM-1) was used as a direct
marker of thymic output and to distinguish RTEs from periph-
erally expanded naive Treg cells (47). In this study, we found
that the percentages of nTreg cells and RTE-Treg cells were

FIGURE 3. Analysis of the intracellular TREC levels in purified Treg cells from NSTACS patients, CSA patients, and CPS controls. A, the dot plot shows the
purity of the Treg cells isolated by magnetic selection. B, the CD4�CD25�CD127low Treg cells from the NSTACS patients (n � 24), CSA patients (n � 20), and CPS
controls (n � 20) were isolated, and the TREC levels were determined by RT-PCR. *, p � 0.01 versus CSA patients or CPS controls. C, the RTE-Treg cell percentages
were plotted against the TREC content in the purified Treg cells from the different groups (r � 0.84, p � 0.001). Error bars represent S.E.

FIGURE 4. Spontaneous apoptosis of the Treg cells from NSTACS patients, CSA patients, and CPS controls. The PBMCs from 84 NSTACS patients, 38 CSA
patients, and 60 CPS controls were stained with anti-CD4, anti-CD25, and anti-CD127 antibodies; annexin-V; and 7-AAD and analyzed by flow cytometry. A, the
dot plots show a typical FACS analysis from one CPS control, one CSA patient, and one NSTACS patient. The Treg cells were defined as CD4�CD25�CD127low

(upper panels). The annexin-V and 7-AAD staining on the gated Treg cells was further analyzed (lower panels). B, the apoptosis levels of the Treg cells (identified
as CD4�CD25�CD127lowannexin-V�7-AAD�) in the different patient populations were determined as percentages of the total Treg cells. C, the expression of
the proapoptotic gene Bak was measured in the Treg cells purified from 24 NSTACS patients, 20 CSA patients, and 20 CPS controls. D, the expression of the
antiapoptotic gene Bcl-2 was measured in the Treg cells purified from 24 NSTACS patients, 20 CSA patients, and 20 CPS controls. *, p � 0.01 versus CSA or CPS
groups. Error bars represent S.E.
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significantly reduced in the NSTACS patients compared with
the CSA patients and CPS controls, whereas the fraction of
mTreg cells was comparable among all of the groups. These
results suggest an impaired thymic output of Treg cells in the
NSTACS patients.
Moreover, we also demonstrated that the TREC content in

purified Treg cells was markedly lower in the patients with
NSTACS than that in the age-matched CSA and CPS groups.
TRECs are generated during the process of T cell receptor rear-
rangement and can be used as a traceable molecular marker in
newly synthesized and exported T cells (48, 49). TRECs are
stable and do not replicate during mitosis (50); therefore, they
are diluted out with antigen-driven or homeostatic T cell pro-
liferation in the peripheral blood. TRECs are abundant in the
newly produced T cell pool, and the TREC quantities in the
peripheral blood decline with age due to declining thymopoi-
esis (51, 52). Haas et al. (47) recently reported that RTE-Treg
cells had a higher TREC content than mTreg cells and higher
activities in suppressing T effector cells, suggesting that RTE-
Treg cells play an important role in the suppressive function of
total Treg cells. The reduction in the TREC content of the
entire Treg cell population isolated fromNSTACS patients fur-
ther supports our hypothesis that the Treg cell production in

the thymus is functionally changed. Therefore, we speculated
that the impaired thymic output of Treg cells could not only be
responsible for the reduced numbers of Treg cells in the
NSTACS patients but may also account for the functional
defect of Treg cells in these patients as Mor et al. (13) have
reported previously.
The apoptosis-mediated alteration of Treg cell numbers has

been reported in several diseases. Nakano et al. (53) reported
that intrathyroidal CD4�CD25� Treg cells were sensitive to
apoptosis in patients with autoimmune thyroid diseases, result-
ing in the reduction of local Treg cells. In contrast, Stanzer et al.
(54) demonstrated that the levels of peripheral Treg cells were
increased in patients with metastatic epithelial cancer and that
these cells were resistant to apoptosis. Thus, apoptosis has a
role in maintaining the homeostasis of Treg cells. The sponta-
neous apoptosis of Treg cells from the NSTACS patients was
obviously higher than that from the CSA and CPS groups. In
accordance with this, themRNA level of the antiapoptotic gene
Bcl-2 was significantly lower in the purified Treg cells from the
NSTACS patients, and the proapoptotic gene Bak was mark-
edly higher level in the NSTACS group than in the CSA and
CPS groups. This observation indicated that enhanced apopto-
sismight be responsible for theTreg cell defects observed in the
NSTACS patients.
oxLDL is regarded as an important factor that promotes the

initiation and progression of atherosclerosis and possibly
plaque destabilization (1–3). It has been reported that elevated
plasma oxLDL levels were found in ACS, and oxLDL levels
show a positive relationship with the severity of ACS (55–57).
In addition, oxLDL is toxic to cells and can trigger the apoptosis
of endothelial cells, macrophages, lymphocytes, and CD4� T
cells (25–28). Mor et al. (13) reported that oxLDL induced a
more profound reduction in Treg cell levels and their suppres-
sive properties in ACS patients. In our study, we demonstrated
that oxLDL could induce the apoptosis of Treg cells. Further-
more, we demonstrated corresponding increases in the plasma
oxLDL concentrations in the NSTACS patients. The above
findings reveal that oxLDL, a critical factor in atherogenesis, is
involved in the enhanced Treg cell apoptosis observed in the
NSTACS patients. It was also reported that Treg cell apoptosis
is closely related to the capacity to suppress T effector cell pro-
liferation (58). In type 1 diabetes patients, an increase in apo-
ptosis was associated with a decrease in the inhibitory capacity
of Treg cells (59). Therefore, enhanced Treg cell apoptosis may
lead to a reduction in their suppressive function.
TNF-� is a proinflammatory cytokine that has a role in the

development of atherosclerosis. Moreover, the expression of

FIGURE 5. oxLDL induced apoptosis of Treg cells. A, the dot plots show a
typical FACS analysis of Treg cell apoptosis after incubation with PBS (con-
trol), native LDL (100 �g/ml), or oxLDL (100 �g/ml) for 48 h. B, the percentages
of apoptotic Treg cells after a 48-h incubation with PBS (control), native LDL
(100 �g/ml), or oxLDL (100 �g/ml) (n � 6). C, oxLDL induced Treg cell apo-
ptosis in a dose-dependent manner, whereas native LDL had a minor effect
on Treg cell apoptosis (n � 3). D, the plasma oxLDL levels in 24 NSTACS
patients, 24 CSA patients, and 24 CPS controls were determined. *, p � 0.01
versus CSA or CPS groups. Error bars represent S.E.

FIGURE 6. The TNF-� and IL-10 levels in the NSTACS patients, CSA patients, and CPS controls. The plasma from 24 NSTACS patients, 24 CSA patients, and
24 CPS controls was analyzed. A, the concentrations of TNF-� in the different groups were detected by ELISA. B, the concentrations of IL-10 in the different
groups were detected by ELISA. C, the histogram shows the IL-10/TNF-� ratios in the different groups. *, p � 0.01 versus CSA or CPS groups. Error bars represent
S.E.
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TNF-� in atherosclerotic plaques is related to plaque remodel-
ing and facilitates plaque rupture and thrombus formation (60,
61). In our study, we found that the levels of TNF-� were sig-
nificantly higher in the patients with NSTACS, suggesting
abnormal immune activation in the NSTACS patients. In con-
trast, IL-10 is an anti-inflammatory cytokine that can inhibit a
broad array of inflammatory and immune responses. It has
been reported that the levels of IL-10 are altered in ACS
patients, but disappointedly, we failed to detect a difference in
the IL-10 levels in the NSTACS patients (62–65). This led to a
reduced IL-10/TNF-� ratio in the patients with NSTACS com-
paredwith the CSApatients and theCPS controls. The changes
in the cytokines profile may reflect an uncontrolled immune
response due to Treg cell defects in the NSTACS patients.
There aremainly two limitations in our study. First, the study

population did not include STEAMI patients in our research
because at present there are conflicting data concerning the
Treg cell levels in patients with STEAMI (12–16). Second, the
sample size of the study population was still small, and a large
scale study will be needed in the future.
Thus, in summary, our study is the first to demonstrate that

the impaired thymic output and increased apoptosis could con-
tribute to the Treg cell defects observed in the patients with
NSTACS, possibly affecting the progression and destabilization
of atherosclerotic plaques. These findingsmay provide new tar-
gets for treating plaque instability.
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